To determine whether a progestational agent can modify inflammation-induced preterm cervical ripening, mice on day 15 of gestation were given an intrauterine injection of (1) saline, (2) lipopolysaccharide, (3) an intramuscular injection of medroxyprogesterone acetate alone prior to lipopolysaccharide, or (4) medroxyprogesterone acetate alone. Cervices were obtained 6 hours later, then fixed, sectioned, and processed to stain collagen structure or to identify immune cells or nerve fibers. Cervical remodeling was induced by lipopolysaccharide treatment compared with that in saline controls, an effect blocked by medroxyprogesterone acetate pretreatment. Moreover, lipopolysaccharide reduced macrophages and enhanced neutrophils in the cervix, effects also forestalled by medroxyprogesterone acetate pretreatment. Although the density of nerve fibers was not altered by lipopolysaccharide, medroxyprogesterone acetate reduced innervation in the cervix. Thus, progestational treatment forestalls the inflammation-induced reduction in collagen structure and immune cell traffic through a mechanism that is independent of nerve fiber density. These findings raise the possibility that progestational treatment may regulate ripening of the cervix early in the process leading to preterm birth.
INTRODUCTION
Preterm birth is a significant contributor to perinatal morbidity and mortality, yet the mechanisms by which preterm labor occur remain unclear. Clinical interventions have focused on approaches that reduce myometrial contractile activity to forestall the progression of an early onset of labor. 1, 2 However, more recent approaches have demonstrated that the use of progestational agents can reduce the risk of preterm birth in some populations. [3] [4] [5] [6] [7] [8] The mode of delivery, vaginal versus systemic treatment, choice of progestational agent, timing of treatment as well as patient history and presence of twins are important considerations for sustaining pregnancy in women at risk for premature birth. 9 There has been insufficient data to support the hypothesis that these progestational agents promote myometrial quiescence in these patients. However, recent evidence by Facchinetti et al indicated that treatment with 17-alpha hydroxyprogesterone caproate reduced the rate of preterm delivery and attenuated shortening of the cervix in patients after standard tocolysis treatment had arrested preterm labor. 10 Furthermore, vaginal administration of progesterone reduces the risk of preterm birth in patients with short cervix, 7 suggesting that progestational agents may specifically target premature cervical ripening. The effects of progesterone on the process of cervical ripening in preterm birth have received little attention.
Studies in rodents have proven useful for understanding the role of progestational agents in preterm parturition. Intrauterine treatment with the endotoxin lipopolysaccharide (LPS) elevates proinflammatory cytokines and induces preterm parturition. [11] [12] [13] These actions of LPS are forestalled by prior treatment with medroxyprogesterone acetate (MPA). 14, 15 At term, a similar rise in proinflammatory cytokines is proposed to be a component of processes associated with cervical ripening. 13, 16, 17 Moreover, in rodents, increased numbers of macrophages and nerve fibers are associated with reduced collagen structure in the cervix by the day before birth, 18, 19 but effects of LPS or progestational agents on the process of cervical ripening are yet to be studied. The availability of cervix tissue from our previous study in which MPA blocked LPS-induced preterm birth 13 led to the objective of the current study, which was to determine whether the inflammation-induced preterm cervical ripening involves trafficking of immune cells or hypertrophy of innervation and to test the hypothesis that the progestational agent MPA forestalls activation of processes associated with cervical ripening.
METHODS
Cervices were obtained from mice that were used in a previous study of the inflammation-induced preterm birth. 11 Specifically, 4 groups of time-dated pregnant CD-1 mice received the following treatment after anesthesia on day 15 of pregnancy (n ¼ 3/group): (1) saline controls received intrauterine injection of sterile saline vehicle (Sal; 0.1 mL); (2) to induce inflammation, another group of mice were given an intrauterine injection between the lower 2 gestational sacs of LPS (250 mg L2880; Sigma Chemical, St Louis, Mo) as previously detailed 11, 20 ; (3) dams were injected with MPA (1 mg/ dam, intramuscularly) 1 hour prior to intrauterine LPS (MPA þ LPS); and (4) to control progestin treatment, an additional group of mice were injected with MPA alone. Medroxyprogesterone acetate was chosen for progestational treatment because of improved efficacy over progesterone to block LPS-induced preterm birth. 14 The cervix of each mouse was obtained 6 hours after treatment. Cervices were immediately immersion fixed in 4% paraformaldehyde, then paraffin-embedded and cross-sectioned at 10 mm. Sections were stained for collagen structure with picrosirius red or processed by immunohistochemistry to identify resident immune cells, that is, macrophages with BM8 antisera, neutrophils with 7/4 antisera, or nerve fibers with peripherin antisera to neurofilaments. 18, 19, 21 Although the 7/4 antisera cross-reacts with naïve monocytes, this epitope is lost when monocytes differentiate into macrophages in tissue, and systemic depletion of neutrophils reduces cell staining in the peripartum mouse cervix. 21 The small number of stained cells that remained in the murine cervix after systemic neutrophil depletion suggests, at best, a very limited presence of monocytes and that staining is predominantly for neutrophils.
Analysis of Collagen Structure
Collagen content and complexity of structure was evaluated as previously described. 19 In each of the 3 sections, birefringence of polarized light was evaluated in 9 nonoverlapping sequential placements of a 10 Â 10 grid in an eyepiece reticle using a 20Â objective. A black and white photograph was taken of each grid and mean optical density (OD) assessed using NIH ImageJ software (gray scale threshold calibrated with Rodbard standard curve 22 ). Optical density of transmitted light was inversely proportional to density of collagen content and structure. Areas of bright red birefringence, indicative of high collagen content and complex dense crosslinking structure, appeared as white regions. The high transmittance of light in these white regions produced low OD numbers, an indication of high collagen density and complexity. By contrast, areas with low birefringence, indicative of low collagen content and diffuse structure, were dark and had proportionally high OD values. Data were normalized to cell nuclei density in the cervix of each mouse to account for variability in tissue hypertrophy or with respect to treatment. The mean number of cell nuclei (+SE)/mm 3 Â10 4 for Sal, LPS, MPA þ LPS, and MPA groups were 7.09 + 0.42, 6.29 + 0.57, 9.01 + 0.84, and 7.52 + 0.36, respectively (P > .05, analysis of variance [ANOVA]).
Census of Immune Cells and Nerve Fiber Density
Stereological procedures were used to enumerate immune cells and area with nerve fibers in the subepithelium and stromal regions of each cervix. Epithelium, blood vessels, and lumen were excluded from consideration. Individual stained immune cells were counted in 10 to 19 nonoverlapping placements of a 10 Â 10 grid using a 40Â objective as previously described. 18 The density of nerve fibers in cervix was assessed as previously detailed. 19 Briefly, nerve fibers were stained dark brown with an antibody to the type III neurofilament peripherin. Boxes that contained nerve fibers in 11 to 22 nonoverlapping 10 Â 10 grid placements were counted. The area of these boxes provided an estimate of the distribution of nerve fibers in the cervix. To compensate for the hypertrophy of the cervix that occurs among mice and with respect to treatment, a correction for variations in extracellular matrix area, the number of immune cells, and estimated area of nerve fiber density were normalized to average cell nuclei counts per area in tissue sections from each mouse. Data were based on analyses of 2 sections per mouse (n ¼ 3 mice/group) and were evaluated by ANOVA (SPSS, Chicago, Ill). When Levine's test for homogeneity of variance was not statistically significant, the least squares difference test was used for individual comparisons. The Kruskal-Wallis test was used when data were not normally distributed; P < .05 was considered significant.
RESULTS
Morphology and density of collagen in cervices from pregnant mice varied with respect to treatment. Picrosirius red-stained collagen fibers were densely packed and regularly arranged in the region between luminal epithelium and stroma in the saline-treated controls (Figure 1 , left). By 6 hours after intrauterine injection of LPS, birefringence of polarized light had increased because the intensity of staining was reduced. These effects of LPS were blocked by prior treatment with MPA. Moreover, MPA treatment alone enhanced stain intensity compared with groups administered LPS as well as the saline-treated controls.
As an indication of collagen content and structure, OD of polarized light from cervical tissue varied with respect to treatment. In the cervix from saline-treated mice, low OD, due to high birefringence, indicated dense collagen content and complex structure (Figure 1, right) . Intrauterine injection of LPS significantly increased mean OD compared with that in the saline-treated controls, an indication that collagen structure declined by 6 hours after treatment (P < .0001 ANOVA; df ¼ 3, F ¼ 55.70). Pretreatment of pregnant mice with MPA blocked this effect of LPS. Mean OD of picrosirius redstained sections were reduced in MPA þ LPS-treated mice compared with those administered LPS but not significantly different from controls given saline. However, MPA treatment alone reduced mean OD compared with all groups. Thus, density and structure of collagen were enhanced by treatment with this progestational agent. Brown-stained BM8-labeled macrophages populated the subepithelial stroma, between smooth muscle in the perimetrium and around blood vessels in the cervix. The presence of stained cells varied with treatment (Figure 2 , left). Fewer macrophages were seen in cervices from pregnant mice after LPS or MPA treatments compared with that in the saline-treated controls (P < .041, Kruskal-Wallis). Stereological estimates of the cell numbers indicated that LPS induced a significant decline in resident macrophage (Figure 2, right) . Prior treatment with MPA blunted the reduction in resident macrophage in the cervix of the LPS-treated mice. The census of resident macrophages in the cervix of MPA þ LPS-treated mice was equivalent to that in mice given MPA alone.
As with macrophages, cells stained brown with the 7/ 4 monoclonal antibody (mAb) were found in similar locations within the cervix. These 7/4 mAb-stained cells are likely to reflect neutrophils though some staining of monocytes cannot be completely excluded with certainty. In contrast to the reduced numbers of macrophages after LPS treatment, more neutrophils were present in the cervix of the LPS-treated mice than in any other group (Figure 3, left) . The increased census of resident neutrophils, especially in the subepithelial stroma, was significant compared with all other groups (Figure 3 , right; P < .025 ANOVA; df ¼ 3, F ¼ 5.5). Medroxyprogesterone acetate treatment blocked the LPS-induced rise in resident neutrophils, whereas MPA alone did not affect the neutrophil numbers in the cervix compared with saline controls.
Nerve fibers were prominent in the cervix of all mice especially in stroma, around blood vessels, and, with less frequency, in regions between smooth muscle cells (Figure 4, left) . The area of cervix that contained nerve fibers was the same in mice injected with LPS compared with that in the saline controls (Figure 4, right) . However, compared with Sal controls, treatment with MPA reduced nerve fibers in the cervix whether or not mice were given LPS (P < .037 ANOVA; df ¼ 3, F ¼ 4.64). Thus, treatment with a progestational agent significantly reduced the area with nerve fibers in the cervix of pregnant mice.
DISCUSSION
Based on the evidence in this mouse model for preterm birth, the findings support the hypothesis that inflammation-induced ripening of the cervix is forestalled by a progestational agent. Within 6 hours of an intrauterine injection of endotoxin, collagen content and structure in the cervix were reduced. The LPS-mediated restructuring of the cervix occurred well before preterm birth in this model. 11 With significant remodeling of the cervix by 6 hours after endotoxin administration, approximately 18 hours prior to observed preterm birth, the present findings support the conclusion that cervical ripening is an early event in preterm birth. Associated with restructuring of the cervix is a decline in serum progesterone concentrations, 11 though levels remain many fold higher than that in circulation in the prepartum mouse at 1 day before normal term. 23 The finding that pretreatment with the progestational agent MPA blocked the LPS-induced preterm birth 11 was extended by findings in the current study to include its ability to forestall cervical remodeling. Thus, in this mouse model for inflammation-induced premature birth, progestational agent treatment arrests remodeling of the cervix early in the process of preterm parturition.
Treatment with MPA also countered the effects of endotoxin to regulate the number of immune cells that reside in the cervix. By 6 hours after intrauterine LPS injection, the census of macrophages was reduced as the number of resident neutrophils increased in the cervix. This finding raises the possibility that immune cell traffic or turnover may be dynamic characteristic of the initial process associated with the inflammation-induced preterm cervical remodeling. In another respect, macrophage activation is part of an early proinflammatory response system. 24, 25 Whether activation or egress of macrophages from the cervix contribute to the effects of intrauterine LPS to increase systemic concentrations of interleukin (IL)-6 and IL-10 in these mice is not known. 11 The latter cytokine, IL-10, is an important anti-inflammatory mediator that limits the LPS-induced innate immune responses 26, 27 and may mitigate systemic effects of LPS treatment on both the mother and fetus. 28, 29 The present findings do not exclude the possibility that macrophage numbers may initially go up then decline or change phenotype in the cervix within 6 hours of LPS treatment. The time course of immune cell trafficking and cascade of proinflammatory activities may be critical for promoting uterine contractile activity and, by 24 hours post-LPS treatment, premature birth. Another alternative hypothesis that apoptosis reduces the census of resident macrophages-this possibility is not supported by findings in the cervix 30 or by evidence that apoptosis of immune cells is associated with the resolution, not initiation of inflammation. [31] [32] [33] These consideration add to other reports that suggest cervical ripening may differ between pathophysiological processes and normal term birth. 13, 34, 35 More information is needed about the time course of proinflammatory mediators in association with remodeling of the cervix in preterm and term birth. Clearly, intervention with the progestational agent MPA forestalled aspects of this cascade by blunting the decrease in resident macrophages, blocking the rise in neutrophils, and, as previously reported, increasing serum IL-10. 11 Increased systemic IL-10 is associated with a transient leukocytosis and reduced proinflammatory cytokine production. 36 Collectively, the present findings suggest that actions by a progestational agent to arrest advancement of inflammation-associated processes prevents restructuring of the cervix and, based on the previous findings in these mice, forestalls preterm birth. 11 The findings fail to support the hypothesis that inflammation-induced preterm ripening and birth affects innervation in the cervix. At normal term, increased innervation is found in cervix of prepartum C3H/HeN and C57Bl6 mice. 19, 37 However, in this study, the area of cervix with nerve fibers was unchanged following LPS treatment. The difference in innervation of the cervix between endotoxin-induced preterm birth and normal term parturition suggests that neural pathways may be more important for regulating remodeling of the cervix and the process birth at normal term. Vasodilatation, collagenolysis, and infiltration of immune cells are characteristics of neurogenic inflammation 38, 39 that may mediate similar processes in the mechanism for cervical ripening at term. 19 However, present findings do not exclude the alternative consideration that neural activity, rather than density of innervation, may contribute to inflammatory processes in the cervix associated with preterm birth. The clinical use of 17-hydroxyprogesterone caproate (17-OHPC) is supported by the American College of Obstetrics and Gynecology to high-risk patients. Although 17-OHPC is administered systemically, the efficacy of vaginal administration of progesterone for preterm birth varied in other trials. 3, 9, 40 Although the current study suggests that MPA can modify inflammation-induced cervical ripening, it remains unclear whether this is an essential mechanism by which other progestational agents prevent preterm birth in humans. If prevention and/or cessation of cervical ripening is an essential mechanism by which progestational agents prevent preterm birth, then it becomes critical to understand whether all progestational agents are equal in their ability to target cervical ripening and whether the route of administration affects efficacy. Further efforts are needed to forestall activation of pathways that lead to preterm delivery in patients at risk for premature cervical ripening.
In summary, findings in the current study support the hypothesis that progestational agent treatment forestalls the endotoxin-induced immigration of neutrophils and a decline in macrophages that are associated with ripening of the cervix. Although MPA reduces the area in the cervix with nerve fibers, hypertrophy of innervation does not appear to participate in the process of endotoxininduced preterm birth. Therefore, the capability of progestational agent treatment to block ripening of the cervix and, as previously reported, arrest preterm birth adds to accumulating evidence that progesterone may be effective early in the process to prevent preterm birth.
